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a  b  s  t  r  a  c  t
Enzymatic  proteolysis  may  be  employed  to release  bioactive  peptides,  which  have  been  investigated  for
potential beneﬁts  from  both  technological  and  human  health  perspectives.  In this  study, sheep  cheese
whey  (SCW)  was  hydrolyzed  with  a  protease  preparation  from  Bacillus  sp.  P7, and the  hydrolysates
were  evaluated  for antioxidant  and  angiotensin  I-converting  enzyme  (ACE)-inhibitory  activities.  Soluble
protein and  free  amino  acids  increased  during  hydrolysis  of SCW  for  up  to 4 h.  Antioxidant  activity  of
hydrolysates,  evaluated  by  the  2,2′azino-bis-(3-ethylbenzothiazoline)-6-sulfonic  acid radical  scaveng-
ing method,  increased  3.2-fold  from  0 h  (15.9%)  to 6 h of hydrolysis  (51.3%).  Maximum  Fe2+ chelation
was reached  in  3  h  hydrolysates,  and  the  reducing  power  peaked  at 1 h of  hydrolysis,  representing  6.2
and  2.1-fold  increase,  respectively,  when  compared  to that  of  non-hydrolyzed  SCW.  ACE inhibition  byioactive peptides
ntioxidant activity
ntihypertensive activity
SCW  (12%)  was  improved  through  hydrolysis,  reaching  maximal  values  (55%  inhibition)  in 4 h, although
42%  inhibition  was  already  observed  after 1  h  hydrolysis.  The  peptide  LAFNPTQLEGQCHV,  derived  from
-lactoglobulin,  was  identiﬁed  from  4-h hydrolysates.  Such  a biotechnological  approach  might  be  an
interesting  strategy  for  SCW  processing,  potentially  contributing  to the  management  and valorization  of
this abundant  dairy  byproduct.
©  2014  Elsevier  Inc.  All  rights  reserved.ntroduction
Whey is a major byproduct of cheese and casein industries, rep-
esenting about 85–95% of the milk volume, and consisting basically
f water (94–95%, v/v), lactose (3.8–4.0%, w/v), proteins (0.8–1.0%,
/v), and minerals (0.7–0.8%, w/v). Because of its low concentration
f total solids (6–7% dry matter), whey has commonly been consid-
red as a waste product. However, since millions of tons of whey are
roduced worldwide and it possess high chemical and biochemical
xygen demands, discard of this byproduct as an efﬂuent represents
n important source of environmental problems [16].Due to its polluting potential, the disposal of untreated whey has
een severely restricted, prompting the dairy industry to search for
lternative management practices. Among the different strategies,
∗ Corresponding author at: ICTA – UFRGS, Av. Bento Gonc¸ alves 9500, 91501-970
orto Alegre, RS, Brazil. Tel.: +55 51 3308 6249; fax: +55 51 3308 7048.
E-mail address: abrand@ufrgs.br (A. Brandelli).
ttp://dx.doi.org/10.1016/j.peptides.2014.09.001
196-9781/© 2014 Elsevier Inc. All rights reserved.whey can be used in supplemental feeding of livestock; irrigation
of soil and pastures for agriculture; as a source of lactose and pro-
teins for food and industrial applications; in fuel production (such
as ethanol, hydrogen, methane) and obtainment of bioproducts
through fermentation technologies; among others. Considering its
volume and composition, cheese whey could be viewed as an
important source of proteins with consistent functional and nutri-
tious properties, for utilization in the food industry [29,33].
Technologies that allow the transformation of cheese whey
into other products are increasingly focused, since such pro-
cesses potentially act both as valorization strategies and efﬂuent
management practices. One of the processes that could pro-
mote value-aggregation to whey proteins is enzymatic hydrolysis.
This treatment, which promotes the fractionation of parent pro-
teins into smaller units, usually improves functional properties
such as solubility, emulsifying power, texture, and therefore may
increase the applicability of whey proteins into food products
[37,38]. Also, amino acid sequences found within whey pro-
teins are capable of modulating physiological responses after
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elease by enzymatic hydrolysis, exerting antioxidant, antimi-
robial, immunomodulatory, antiulcerogenic, antihypertensive,
pioid, and hypocholesterolemic activities [22,24]. Considering
heir potential usefulness from both human health and food
echnology perspectives, increasing research efforts are focused
n obtaining whey-derived bioactive peptides and hydrolysates.
articularly, Adjonu et al. [1] reported that hydrolysis of whey
rotein isolate (WPI) hydrolysed by chymotrypsin, trypsin or
epsin resulted in increased in vitro antioxidant and angiotesin-
onverting enzyme (ACE)-inhibitory activities. Similar results were
bserved after hydrolysis of WPI, bovine whey concentrate, and
uriﬁed bovine whey proteins (-lactoglobulin and -lactalbumin)
ydrolyzed by diverse commercial enzymes [3,12,17,28,40].
As presented above, the bulk literature reports the biological
ctivities of bovine whey hydrolysates obtained with commer-
ial proteases. However, whey proteins account for 17–22% of
heep milk proteins, mainly represented by -lactoglobulin and
-lactalbumin which, in turn, make up to 70–80% of total whey
roteins [29]. Also, the investigation of alternative proteolytic
nzymes from different sources is an interesting approach to obtain
rotein hydrolysates and bioactive peptides with desired prop-
rties. Speciﬁcally, Bacillus sp. P7, a bacterium isolated from the
ntestine of an Amazon basin ﬁsh, produces high levels of extracel-
ular proteases with biotechnological potential [5]. In this context,
his study aimed to evaluate the antioxidant and the angiotensin
-converting enzyme (ACE)-inhibitory activities of sheep cheese
hey hydrolysates obtained through treatment with a protease
reparation from Bacillus sp. P7.
aterials and methods
nzyme production and protease preparation
Bacillus sp. P7 was maintained in Brain-Heart Agar (BHA) plates.
or protease production, the strain was cultivated in feather meal
roth (10 g L−1 feather meal, 0.3 g L−1 Na2HPO4, 0.4 g L−1 NaH2PO4,
.5 g L−1 NaCl) for 48 h at 30 ◦C in a rotary shaker (125 rpm). After
his period, the culture was centrifuged (10,000 × g for 15 min  at
◦C) and the supernatant was submitted to a partial puriﬁcation
rotocol involving ammonium sulphate concentration (60% satu-
ation) followed by liquid chromatography on a Sephadex G-100
el permeation column (25 × 0.5 cm), which was  equilibrated and
luted with 20 mmol  L−1 Tris-HCl buffer (pH 8.0). Fractions with
roteolytic activity on azocasein [6] were pooled and used as the
rotease preparation for sheep whey hydrolysis.
nzymatic hydrolysis of sheep cheese whey
Sheep cheese whey (SCW) (3.9 g L−1), obtained from a local
heese manufacturer, was lyophilized and subsequently dissolved
n Tris-HCl buffer (20 mmol  L−1, pH 8.0). This solution (10 g L−1)
as preheated at 45 ◦C for 15 min, and the hydrolysis was  initi-
ted by adding the protease preparation (2%, v/v; 1057 U mL−1).
ncubation was performed at 45 ◦C in a water bath with reciprocal
haking and, at speciﬁed intervals ti (i = 0, 0.5, 1, 2, 3, 4 or 6 h), sam-
les were removed and the hydrolysis reaction was  terminated by
eating at 100 ◦C for 15 min. After cooling, the hydrolysates were
entrifuged (10,000 × g for 15 min) to remove insoluble materials,
nd the supernatants were lyophilized and stored at −18 ◦C until
urther analyses.
etermination of protein and free amino acids concentrationThe concentration of protein on the supernatant of the
ydrolysates was determined by the Folin phenol reagent method
23], using bovine serum albumin as standard. Concentration ofes 61 (2014) 48–55 49
amino acids was  determined by the ninhydrin method [25], using
glycine as standard. All measurements were performed using a
Shimadzu UV mini-1240 spectrophotometer.
Determination of protein hydrophobicity
Hydrophobicity of the SCWH supernatants was determined
using bromophenol blue (BPB) sodium salt for electrophoresis
(Sigma), according to Chelh et al. [2], with modiﬁcations. To 1 mL of
sample (50 mg mL−1), 200 L of 1 mg  mL−1 BPB (in distilled water)
was added and mixed well. A control, without sample, consisted
of the addition of 200 L of BPB solution to 1 mL of 20 mmol L−1
Tris-HCl buffer (pH 8.0). Samples and controls were kept under agi-
tation, at room temperature, during 10 min, and then centrifuged
for 15 min  at 2000 × g. The absorbance of the supernatant (diluted
1:10) was  measured at 595 nm against a blank of Tris-HCl buffer.
In this assay, a higher amount of bound BPB indicates a higher
hydrophobicity. The amount of BPB bound is given by the formula:
Bound BPB (g) = 200 g × [(absorbance of control − absorbance of
sample)/absorbance of control].
2,2′-azino-bis-(3-ethylbenzothiazoline)-6-sulfonic acid (ABTS)
radical scavenging assay
Scavenging activity of SCW hydrolysates (SCWH) supernatants
against the ABTS radical was determined by the decolorization
method described by Re et al. [34]. The ABTS radical cation
(ABTS
•+) solution was  prepared by reacting 5 mL  of ABTS solu-
tion (7 mmol  L−1) with 88 L of K2SO4 solution (140 mmol L−1) and
allowing the mixture to stand in the dark at room temperature for
12–16 h before use. For the assay, ABTS
•+ solution was  diluted with
5 mmol  L−1 phosphate buffered saline (pH 7.4) to an absorbance
of 0.7 (±0.02) at 734 nm.  A 10 L sample (50 mg mL−1) was  mixed
with 1 mL  of diluted ABTS
•+ solution and absorbance (at 734 nm)
was measured after 6 min. The percentage decrease of absorbance
was calculated in comparison to that of controls.
Iron (II) chelating activity assay
The ferrous ion chelating ability of hydrolysate supernatants
was determined according to Tang et al. [39], with the following
modiﬁcations. A sample volume of 1 mL  (50 mg  mL−1 concentra-
tion) was  mixed with 3.7 mL  of distilled water, 0.1 mL  of 2 mmol L−1
FeSO4 (Fe2+) and 0.2 mL of 5 mmol  L−1 ferrozine (3-(2-pyridyl)-
5,6-bis(4-phenyl-sulfonic acid)-1,2,4-triazine). After 10 min, the
absorbance of the reaction mixture was  read at 562 nm.  Likewise,
1 mL  of distilled water, instead of sample, was used as a control.
EDTA (20 mg  mL−1) was  used as standard. Chelating activity was
calculated as follows: Chelating activity (%) = [1 − (absorbance of
sample/absorbance of control)] × 100.
Reducing power
The reducing power of SCWH supernatants was assessed
according to the method of Duh et al. [13]. Samples (50 mg  mL−1)
in phosphate buffer (2.5 mL,  0.2 mol  L−1, pH 6.6) were added to
2.5 mL  of 10 g L−1 potassium ferricyanide solution, and the mix-
ture was  incubated at 50 ◦C for 20 min. Trichloroacetic acid (2.5 mL
of a 10% solution, w/v) was added to the mixture, which was  then
centrifuged at 3000 × g for 10 min. The supernatant (2.5 mL)  was
mixed with 2.5 mL  of distilled water and, after addition of 0.5 mL of
ferric chloride solution (1%, w/v), the absorbance was  measured
at 700 nm.  Higher absorbance of the reaction mixture indicates
a greater reducing power. Butylated hydroxytoluene (BHT) at the
same concentration of samples was used as a positive control.
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etermination of angiotensin I-converting enzyme
ACE)-inhibitory activity
ACE-inhibitory activity of SCWH supernatants was  evaluated in
itro by the method of Cushman and Cheung [9], with some mod-
ﬁcations. A 20 L sample (50 mg  mL−1) was added to 200 L of
uffered substrate solution (5 mmol  L−1 hippuryl-histidyl-leucine
n 50 mmol  L−1 HEPES–HCl buffer containing 300 mmol  L−1 NaCl,
H 8.3, 37 ◦C). The reaction was started by adding 40 L of ACE
0.1 U mL−1), carried out at 37 ◦C for 30 min, and stopped with
50 L of 1 mol  L−1 HCl. Then, the hippuric acid released was
xtracted with 1 mL  of ethyl acetate, and the organic phase was
ransferred to a glass tube to be heat-evaporated. The residue
as dissolved with 800 L of distilled water and measured
pectrophotometrically at 228 nm.  ACE-inhibitory activity was
xpressed as percentage, using the following formula: % inhibitory
ctivity = (A − B)/(A − C) × 100, where A is the absorbance without
ample, B is the absorbance without ACE, and C is absorbance in
he presence of both ACE and the sample.
uriﬁcation of bioactive peptide
The hydrolysate t4 was lyophilized, dissolved in Tris-HCl buffer
20 mmol  L−1, pH 8.0) to a ﬁnal concentration of 250 mg  mL−1,
ltered through a 0.22 m low-binding regenerated cellulose
embrane (Amicon Ultra-0.5 mL  Centrifugal Filters, EMD  Milli-
ore, Darmstadt, Germany), and then loaded onto a Sephadex G-10
el permeation column (20 × 0.8 cm,  Pharmacia Biotech, Sweden)
quilibrated with Tris-HCl buffer (20 mmol  L−1, pH 8.0). The ﬂow
ate was maintained at 0.4 mL  min−1, and 15 fractions of 1 mL  were
ollected. The fractions collected were analyzed for bioactivities,
n order to obtain a single fraction with highest ACE-inhibitory and
ntioxidant activity. This fraction was freeze dried and sent for mass
pectrometry analysis.
ass spectrometry and peptide sequence analysis
Mass spectrometric experiments were carried out using a
icromass/Waters Q-TOF micro (Milford, MA,  USA), equipped
ith a nano-electrospray ionization (nano-ESI) source. The sample
as dissolved in a 1:1 water-acetonitrile solution containing 0.1%
ormic acid. The hybrid mass spectrometer instrumental conditions
ig. 1. Soluble protein () and free amino acid () concentrations during the hydrolysis
he  mean ± standard deviation for three independent experiments. Different lowercase lees 61 (2014) 48–55
were: positive ion mode; nano-ESI ﬂow rate 0.6 L min−1; sam-
ple cone voltage 40 V; capillary 3.3 kV; source temperature 100 ◦C;
cone gas 5 L h−1; desolvation gas 30 L h−1. The Q-TOF was cali-
brated using phosphoric acid 0.1% in water–acetonitrile (1:1). Data
were analyzed with Waters MassLynx software (Milford, MA). Mass
spectra was  processed using background subtraction followed by
smoothing the spectrum with Savitzky–Golay smoothing, and mea-
suring the peak top with a centroid top of 80%.
The result of the fragment ion spectra was  processed using MAS-
COT distiller and the software MASCOT 2.2 (Matrix Science, London,
UK) and the BLAST algorithm were used to database search in the
NCBI sequence database (http://www.ncbi.nlm.nih.gov). The struc-
tural peptide modeling was performed to provide information on
possible relationships between predicted three-dimensional struc-
ture and biological activity. In silico modeling was  achieved using
the mobile server of I-TASSER algorithm [36].
Statistical analysis
All experiments were done in triplicate. Results were expressed
as mean ± standard deviation, and compared using ANOVA and
Tukey post hoc test (P < 0.05). Statistical analysis of the data was
performed using the Statistica 7.0 software (Statsoft Inc., Tulsa, OK,
USA).
Results
Hydrolysis of SCW with a protease preparation from Bacillus
sp. P7 was  studied as an alternative strategy for the destination of
SCW, a co-product that is usually discarded, particularly by small
and medium dairy companies. Initially, the protein and free amino
acid proﬁles were determined in supernatants during the hydrol-
ysis of SCW. It could be observed that both measurements tended
to increase as the hydrolysis progressed (Fig. 1). Maximum protein
and amino acid concentrations were 97 mg  mL−1 and 0.28 mg  mL−1
after 4 h of hydrolysis, respectively. However, at 6 h of hydroly-
sis, both values decreased. For this hydrolysate, it was noted that
the amount of precipitate formed after centrifugation was higher
than that of 0–4 h hydrolysates. Hydrophobicity tests, performed
for hydrolysates supernatants with a BPB binding assay, indicated
an increasing hydrophobicity trend up to 4 h of hydrolysis, which
decreased for 6-h hydrolysates (Table 1).
 of sheep cheese whey by the protease preparation from Bacillus sp. P7. Values are
tters indicate signiﬁcant differences (P < 0.05) by the Tukey-test.
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Table  1
Hydrophobicity and antioxidant activities of sheep cheese whey hydrolysatesa
Hydrolysis time (h) Hydrophobicity index
(bound BPB, g)
ABTS radical scavenging
activity (%)
Fe2+-chelating ability
(%)
Reducing power
(Abs at 700 nm)
0 48.8 ± 0.07A 15.89 ± 0.78A 13.87 ± 0.004A 0.397 ± 0.034A
0.5 66.8 ± 0.04B 18.36 ± 1.12A 19.05 ± 0.017A 0.628 ± 0.010B
1 72.4 ± 0.03B 32.61 ± 0.97B 36.87 ± 0.033B 0.855 ± 0.005C
2 71.4 ± 0.02B 37.49 ± 1.99B 50.15 ± 0.004B 0.802 ± 0.038C
3 74.9 ± 0.01B 38.11 ± 1.43B 43.12 ± 0.015B 0.631 ± 0.078B
4 82.5 ± 0.04C 42.07 ± 1.67B 40.43 ± 0.007B 0.657 ± 0.067B
6 76.4 ± 0.01C 51.30 ± 0.51B 38.28 ± 0.005B 0.733 ± 0.005D
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Biological activities of SCW hydrolysates (SCWH) were then
xamined. Radical-scavenging ability of SCWH supernatants,
nvestigated with the ABTS
•+ radical method, showed that the
ntioxidant activity of the hydrolysates tended to increase with
ncreasing hydrolysis times. Maximum values were reached after
 h of hydrolysis, with a 3.2-fold increase when compared to the
on-hydrolyzed whey (t0; Table 1). However, after from 1 h to 6 h
f hydrolysis, the differences were not signiﬁcant.
The Fe2+-chelating ability of SCW hydrolysates are also pre-
ented in Table 1. Non-hydrolyzed SCW was able to chelate 13.8%
f Fe2+, and hydrolysis was beneﬁcial for this property. Maxi-
um chelating capability was observed at 2 h of hydrolysis (50.1%),
howing a decreasing trend thereafter.
Reducing power of the SCW hydrolysates was assessed by an
lectron transfer protocol based on reduction of Fe3+/ferricyanide
omplex to the Fe2+ form. After 1 h of hydrolysis, the reducing
ower of SCWH was 115% higher than that of non-hydrolyzed SCW
Table 1). Although the reducing power of SCWH declined at longer
ydrolysis periods, the values were always higher than that of the
on-hydrolyzed counterpart (Table 1).
The ability of SCWH to inhibit the activity of the ACE is presented
n Fig. 2. It could be observed that the ACE of hydrolysates increased
ith hydrolysis time. Maximum inhibition values were obtained
or 4 h hydrolysates (55.7%), and further hydrolysis had not sig-
iﬁcantly affected the ability to inhibit ACE. However, it should
e noted that 41% of ACE inhibition was already observed in 1-h
ydrolysates in comparison to the 12% inhibition caused by non-
ydrolyzed SCW (Fig. 2). Therefore, enzymatic hydrolysis increased
he antioxidant and ACE-inhibitory activities of SCW.
ig. 2. Inhibition of angiotensin-I converting enzyme activity by sheep cheese whey
ydrolysates obtained at different hydrolysis times. Values are the mean ± standard
eviation for three independent experiments. Different lowercase letters indicate
igniﬁcant differences (P < 0.05) by the Tukey-test.ent assays. Values followed by different small letters in columns indicate signiﬁcant
Supernatant from hydrolysate t4, showing antioxidant activ-
ities (Table 1) and the higher ACE-inhibitory potential (Fig. 2)
was lyophilized, resuspended in buffer to reach a concentration of
250 mg  mL−1, ﬁltered through a 0.22 m membrane, and submitted
to a puriﬁcation protocol involving gel-ﬁltration chromatogra-
phy. Fractions collected from the Sephadex G-10 column were
then evaluated for antioxidant activity through the ABTS assay.
Finally, fraction 7, displaying the higher activity (74.4% of rad-
ical scavenging), was  submitted to mass spectrometry analysis.
The mass spectrum of the ion m/z 778.8811 was identiﬁed as
a peptide derived from -lactoglobulin displaying the sequence
LAFNPTQLEGQCHV (Fig. 3).
The peptide structure was  modeled in silico using the I-TASSER
software. The model that presented the best score is shown in
Fig. 4a. The predicted values for C-score, TM score and RMSD
were −0.92, 0.60 ± 0.14 and 2.0 ± 1.6 A˚, respectively. The structure
appears as “U” shape and a helix involving the residues Thr, Gln
and Leu was predicted. It is expected that the imino group of Pro
cause a spatial hindrance that induces the peptide curvature. The
hydropathy graphic indicates that the peptide is amphiphatic, with
a hydrophobic residues at the N-terminus followed by an alter-
nance of hydrophilic and hydrophobic residues in the sequence
(Fig. 4b).
Discussion
The bioactivities of protein hydrolysates and peptides are largely
dependent on the enzymes used and also on the protein to be
hydrolyzed. Hence, the search for suitable protein sources and
proteolytic enzymes has attracted increasing attention due to the
potential of the hydrolysates and peptides for applications in food
science, technology, nutrition and human health [31,37]. In this
study, hydrolysis of SCW by a microbial protease preparation was
investigated, since there are few reports on the literature.
Rates of protein release appeared to be higher during the ﬁrst
hour of hydrolysis, decreasing thereafter, which might indicate a
lesser availability of cleavable peptide bonds [6,19]. Additionally,
the solubilized peptides might be further hydrolyzed, decreasing
the release of peptides from SCW proteins due to substrate com-
petition. Since the main protease produced by Bacillus sp. P7 is a
serine protease related to subtilisin [5], a proteolytic enzyme with
broad speciﬁcity, the enzyme could potentially cleave a wide range
of peptide bonds. Despite the limitations of dye binding methods
for peptide quantiﬁcation, the pattern of protein concentration was
concurrent with free amino groups, indicating the time-course of
peptide formation during SCW hydrolysis. Similarly, dye binding
methods have been used for estimation of protein content in sam-
ples of whey hydrolysates [3,17,30].The amount of protein tends to increase during hydrolysis, usu-
ally reaching a plateau that is related to enzyme speciﬁcity and
the protein substrate [35]. However, a decline in the amount of
proteins and free amino acids was  observed in t6 hydrolysates. In
52 A.P.F. Corrêa et al. / Peptides 61 (2014) 48–55
F on of t
t
t
t
o
a
[
h
i
t
T
i
h
t
m
(
[
h
g
i
m
c
[
m
a
a
S
h
[
h
w
a
a
t
f
N
iig. 3. Tandem mass spectrometry (MS/MS) of m/z 778.8811 ion. After interpretati
he  fragment 149–162 of -lactoglobulin from Ovis aries.
he current study, SCWH were centrifuged prior to these evalua-
ions, and an increase on the amount of sedimented material was
bserved after centrifugation of t6 hydrolysates (data not shown),
s also reported during the course of bovine whey hydrolysis
27]. Enzymatic hydrolysis commonly exposes previously hidden
ydrophobic groups to the more polar (aqueous) environment, and
t is known that hydrophobic attractive interactions are among
he factors contributing to particle aggregation [10]. As shown in
able 1, hydrolysate supernatants showed increased hydrophobic-
ty as the hydrolysis time progressed for up to 4 h. Therefore, a
ydrophobicity threshold could be reached, causing soluble pep-
ides to aggregate. Similarly, aggregation was reported to occur,
ainly through hydrophobic interactions, in whey protein isolate
WPI) extensively hydrolyzed with bacterial enzyme preparations
8,11].
Antioxidant activity of peptides generated through in vitro
ydrolysis of proteins is related with a greater number of ionizable
roups and also the exposition of hydrophobic groups [37]. Peptides
n protein hydrolysates are reported to act as antioxidants through
echanisms of radical-scavenging, inhibition of lipid peroxidation,
helation of metal ions, or a combination of these mechanisms
31]. Thus, antioxidant activity should be evaluated by different
ethods.
From Table 1, hydrolysis increased SCW radical-scavenging
bility, indicating that the peptides released could act directly
s primary free radical scavengers in the aqueous medium [35].
imilar increases were described for bovine whey protein isolate
ydrolyzed (at 37 ◦C for 12 h) with pepsin, trypsin or chymotrypsin
1]. Bovine whey protein concentrate enriched in -lactoglobulin,
ydrolyzed using Corolase PP® and thermolysin [3], and bovine
hey protein concentrate and -lactalbumin, hydrolyzed with
queous extracts of Cynara cardunculus [41], showed increased
ntioxidant activity when compared to the non-hydrolyzed coun-
erparts. Also, hydrolysis of bovine whey protein concentrate by
our commercial protease preparations (Alcalase, Flavourzyme,
eutrase and Protamex) resulted in increased antioxidant activ-
ties, measured through the ABTS method, in comparison to thehe sequence and search in the database, the MS/MS  spectrum was  consistent with
untreated whey protein [12]. Regarding ovine caseins, hydrolysates
obtained with pepsin, trypsin, chymotrypsin [15], with a protease
preparation from Bacillus sp. P45 [10], and with the same bacte-
rial protease employed in the current study [6], also presented
improved antioxidative performances.
Regarding Fe2+-chelating ability, literature reports for SCWH are
scarce. As observed in the present study, chelating ability of bovine
WPI  (3%) was increased after 8 h of hydrolysis (10%) with Alcalase
[30]. Conway et al. [4] demonstrated that hydrolysis of whey
concentrate and heat-denatured whey concentrate by sequential
hydrolysis with pepsin (2 h) and trypsin (3 h) resulted in increased
iron chelation; at 4 mg  mL−1, such hydrolysates exhibited 18–28%
of chelating capacity. Interestingly, the same authors observed a
higher chelating ability for skim milk protein hydrolysates, sug-
gesting that casein-derived peptides, particularly phosphopeptides
possessing amino acid residues such as C, S, W,  or Y, are more
active in interacting and binding with metal ions. A similar trend
was observed for sheep casein hydrolysates obtained with P7
enzyme preparation [6]. On the other hand, protein hydrolysates
from brownstripe red snapper muscle, prepared using Alcalase or
Flavourzyme, showed decreased chelating activities as the degree
of hydrolysis increased, suggesting that shorter peptide chains
might lose their ability to complex with Fe2+ [18]. Therefore, the
decline on chelating ability observed after 2 h of hydrolysis (Table 1)
might indicate that the peptides responsible for the observed activ-
ity were further cleaved, and the products were less capable to
chelate iron. In this sense, Zhang et al. [42] observed that, after frac-
tionation of soy protein hydrolysates (obtained through treatment
with microbially-derived commercial proteases) by ultraﬁltration,
the high-molecular mass fraction (>10 kDa) showed higher Fe2+-
chelating activity than the low-molecular mass fractions (<10 kDa).
Although the reducing power of SCWH declined at longer
hydrolysis periods, the values were always higher than that of the
non-hydrolyzed counterpart, indicating that hydrolysis released
peptides that were able to act as electron donors [37]. The reduc-
ing power of WPI  hydrolysates obtained with Alcalase, measured
using the ferric reducing/antioxidant power (FRAP) assay, was
A.P.F. Corrêa et al. / Peptid
Fig. 4. Structural modeling of peptide LAFNPTQLEGQCHV. (a) Model generated by
the  I-TASSER algorithm, showing a predicted helix motif involving the residues TQL
(highlighted). (b) Hydropathy index of amino acid R groups, measuring the tendency
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sible generation of a wider variety of peptides [28,32].o seek an aqueous environment (− values) or a hydrophobic environment (+ values),
s deﬁned by Kyte and Doolittle [21].
emonstrated to increase with hydrolysis time up to 5 h, reaching
-to-6-fold higher activities than non-hydrolyzed WPI  [30]. The 5-h
PI  hydrolysates were fractionated by gel ﬁltration chromatog-
aphy, and a 0.1–2.8 kDa fraction exhibited the higher reducing
ower when compared to other fractions (>40 kDa, 2.8–40 kDa,
nd < 0.1 kDa) [20]. Hydrolysis of ovine caseinate with the Bacillus
p. P7 enzyme preparation resulted in a reducing power that was
0% superior when compared to the non-hydrolyzed caseinate [6].
The antioxidant activity proﬁles evaluated for the SCWH indi-
ates that hydrolysis is essential for the release of encrypted
nactive antioxidant peptide sequences from the primary struc-
ure of whey proteins [1,31]. Although peptides and protein
ydrolysates displaying antioxidant activities are postulated toes 61 (2014) 48–55 53
possess a wide applicability, whey proteins could be still consid-
ered as an underestimated resource when compared to other food
proteins. Nevertheless, whey-derived antioxidant peptides were
already demonstrated to act beneﬁcially, for instance, in biological
systems against oxidative damages that are associated with diverse
pathological conditions. In fact, bovine whey protein hydrolysates
and derived peptide fractions were shown to protect lung ﬁbro-
blast MRC-5 cells [20], and rat pheochromocytoma line 12 (PC12)
cells [43], against the toxicity caused by H2O2. Whey hydrolysates
could also be promising from a food technology perspective, since
transition metal ions promote lipid oxidation and their chelation
helps to retard the peroxidation and subsequently prevent food
rancidity. This is particularly relevant when considering the poten-
tial health risks associated with synthetic antioxidants [18,35]. In
this perspective, the antioxidative activities of whey hydrolysates
could meet the increasing demand for more natural antioxidants
aiming human health and food quality.
A major peptide from SCWH t4 was  puriﬁed and identiﬁed as
LAFNPTQLEGQCHV, matching with the sequence of the mature
ovine -lactoglobulin (f(149–162)). To our knowledge, no spe-
ciﬁc peptide sequences of ovine -lactoglobulin are related to
antioxidant activity. However, as the peptide was  not puriﬁed to
the homogeneity, the contribution of other minor peptides for
the observed bioactivity cannot be ruled out. Other sequences
of bovine -lactoglobulin-derived peptides have been described.
For instance, RLSFN (f(148–152)), LSFNPT (f(149–154)), and QLEEQ
(f(155–159) were identiﬁed from hydrolysates of -lactoglobulin
obtained with Corolase PP [17], and FNPTQ was  identiﬁed as a
product of -lactoglobulin hydrolysis (f(151–155)) by thermolysin
[3]. Since the radical scavenging mechanisms of bioactive peptides
could be related to the prevalence of nonpolar amino acid residues
such as Leu (L), Ala (A), Pro (P), Val (V), and Phe (F) [3], the peptide
identiﬁed in this investigation (and also products of its hydroly-
sis) might contribute to the antioxidant activity observed for t4
hydrolysates. In agreement, the structural peptide model generated
in silico suggests that the sequence of three nonpolar amino acids
Leu-Ala-Phe located at the N-terminus is exposed, and could con-
tribute to the radical scavenging activity. The model also suggest
that the Cys and His residues next the C-terminus are not hid-
den and could exert antioxidant activity by their redox and metal
chelating abilities, respectively.
ACE occurs in many tissues and biological ﬂuids and plays an
important physiological role in control of blood pressure; hence,
ACE has been implicated in hypertension, which constitutes a
dominant health problem worldwide, and one of the highest risk
factors for eventual development of cardiovascular diseases [14].
Hydrolysis using proteolytic enzymes from different sources is
also reported to increase the ACE of bovine whey protein iso-
late/concentrate [7,28,40]. Particularly, bovine milk whey treated
with pepsin plus trypsin showed a 50% of ACE inhibition [32].
Similarly to the present study, Mullally et al. [26] observed a low
ACE-inhibitory activity for non-hydrolyzed bovine whey protein
concentrate (7.1%) which was  increased by hydrolysis with dif-
ferent proteases (35.5–88.6%). Therefore, whey protein-derived
ACE-inhibitory peptides/hydrolysates may  ﬁnd application in the
development of functional foods [22]. Ovine caseinate hydrolyzed
with protease from Bacillus sp. P7 for 2 h showed 94% of ACE inhibi-
tion [6] and, in this sense, casein hydrolysates were demonstrated
to possess a higher ACE-inhibitory activity than whey protein sub-
strates. This may be due to the higher proline content of caseins,
which contributes to the inhibitory activity of peptides, and/or the
usually higher susceptibility of caseins to proteolysis with the pos-Peptides generated from both -lactalbumin and -
lactoglobulin are reported to possess ACE-inhibitory properties
[3,28,40]. Particularly, it has been shown that non-hydrolyzed
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-lactoglobulin has very low ACE-inhibitory activity [26], but
ydrolysis (using pepsin, trypsin, chymotrypsin and/or other pro-
eases) resulted in high levels of ACE inhibition (73–90%). Usually,
uch bioactivity is displayed by short peptides (<8 amino acid
esidues). The inhibition of ACE is usually greater when peptides
ontain hydrophobic/aromatic amino acid residues at each of their
hree C-terminal positions. The C-domain catalytic site of ACE
onsists of three subsites (S1, S1′ and S2′), which accommodate
he three hydrophobic C-terminal residues of the natural substrate
angiotensin I) [14]. In this perspective, enzymes with speci-
city toward the carboxylic side of aromatic and/or hydrophobic
mino acid residues tend to generate highly active ACE-inhibitory
eptides [22]. For instance, whey protein isolate hydrolysates
btained with chymotrypsin, which speciﬁcally cleaves after aro-
atic amino acid residues, or Alcalase, which cleaves preferentially
fter hydrophobic residues, usually show increased ACE-inhibitory
ctivities when compared to hydrolysates obtained with other
nzymes [1,7]. In the present study, the protease preparation
mployed for SCW hydrolysis contained a major subtilisin-like
erine protease [5], which cleaves, preferably, hydrophobic and
romatic amino acids at the substrate position P1. Therefore,
he exposure of aromatic and/or hydrophobic amino acids at
he C-terminal end of peptides during hydrolysis with the pro-
ease preparation from Bacillus sp. P7, could have contributed to
he increased ACE-inhibitory ability of SCW hydrolysates when
ompared to non-hydrolyzed SCW.
onclusions
From the results presented in this article, SCW could be a
uitable substrate for hydrolysis by a protease preparation from
acillus sp. P7 aiming the release of bioactive peptides. The SCW
ydrolysates, presenting antioxidative and ACE-inhibitory proper-
ies, might be potentially employed to retard lipid oxidation and
eterioration of foods, and also as functional ingredients or dietary
upplements. Therefore, such enzyme-based technology could be
n interesting approach contributing to the management of and
alue-aggregation to SCW, and also for the discovery of new bioac-
ive peptides.
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